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Edited by David LambethAbstract The H2O2-catabolizing peroxidase activity of human
peroxiredoxin I (hPrxI) was previously shown to be regulated by
phosphorylation of Thr90. Here, we show that hPrxI forms mul-
tiple oligomers with distinct secondary structures. HPrxI is a
dual function protein, since it can behave either as a peroxidase
or as a molecular chaperone. The eﬀects of phosphorylation of
hPrxI on its protein structure and dual functions were deter-
mined using site-directed mutagenesis, in which the phosphoryla-
tion site was substituted with aspartate to mimic the
phosphorylated status of the protein (T90D-hPrxI). Phosphory-
lation of the protein induces signiﬁcant changes in its protein
structure from low molecular weight (MW) protein species to
high MW protein complexes as well as its dual functions. In con-
trast to the wild type (WT)- and T90A-hPrxI, the T90D-hPrxI
exhibited a markedly reduced peroxidase activity, but showed
about sixfold higher chaperone activity than WT-hPrxI.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Peroxiredoxins (Prxs) are a ubiquitous peroxidase family
whose functions are associated with diverse cellular processes,
including cell proliferation, diﬀerentiation, immune response,
and apoptosis [1,2]. To regulate the intracellular levels of reac-
tive oxygen species (ROS) generated in cells, Prxs decompose
H2O2, peroxinitrite, and organic peroxides using thioredoxin
(Trx) as an electron donor [3,4]. Based on the number of con-Abbreviations: 2-Cys Prx, 2-cysteine peroxiredoxin; ROS, reactive ox-
ygen species; HMW, high molecular weight; LMW, low molecular
weight
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doi:10.1016/j.febslet.2005.12.030served Cys residues in their sequences, Prxs are largely divided
into two groups, such as 1-Cys Prxs and 2-Cys Prxs.
In addition to their well-known peroxidase function, speciﬁc
isotypes of 2-Cys Prxs in yeast and human cells have been
shown to possess the additional function of molecular chaper-
one [5,6]. Upon oxidation of their peroxidatic Cys, eukaryotic
2-Cys Prxs undergo a structural conversion from a low molec-
ular weight (LMW) species acting as a peroxidase to a high
molecular weight (HMW) complex functioning as a chaper-
one. The N-terminal peroxidatic Cys residue acting as a sensor
of H2O2 concentration in the cell and the C-terminal tail of
eukaryotic 2-Cys Prxs containing a ‘YF-motif’ play critical
roles in this structural and functional transition [6–8]. Also,
the 2-Cys Prxs was shown to interact with several regulatory
proteins including Trx, Srx1, and Sestrin [5,7,9]. Furthermore,
like many enzymes involved in intracellular metabolism, the
peroxidase activity of 2-Cys Prxs in humans, isotype I and II
(hPrxI and hPrxII), is regulated by proteolysis and by phos-
phorylation mediated by cyclin-dependent kinases (CDKs).
HPrxI is phosphorylated by Cdc2, a CDK, which is activated
during the mitotic phase of the cell cycle, but not in interphase.
The speciﬁc phosphorylation of hPrxI on Thr90 resulted in a
remarkable inhibition of its peroxidase activity [10,11].
In this present study, we examined the eﬀect of phosphory-
lation of hPrxI on its protein structure and dual functions of
peroxidase and molecular chaperone using site-directed muta-
genesis, in which the phosphorylation site (Thr90) was substi-
tuted with Asp to mimic the phosphorylated status of the
protein [11]. Based on the report that hPrxI was more strongly
phosphorylated than hPrxII in vitro [11], we selected hPrxI to
study the eﬀects of its phosphorylation.2. Materials and methods
2.1. Materials
Malate dehydrogenase (MDH), H2O2 and NADPH were obtained
from Sigma (St. Louis, MO) and recombinant Cdc2-cyclin B complex
was purchased from New England Biolabs. 1,1 0-Bis(4-anilino)naphtha-
lene-5,5 0-disulfonic acid (bis-ANS) was obtained from Molecular
Probes (Eugene, OR), and the high-performance liquid chromatogra-
phy (HPLC) column, TSK G4000SWXL (7.8 · 300), was from Tosoh
(Tokyo, Japan).blished by Elsevier B.V. All rights reserved.
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The hPrxI gene was cloned from a human placental cDNA library
and point-mutated hPrxI (T90D- and T90A-hPrxI) DNAs were gener-
ated by polymerase chain reaction-mediated mutagenesis. Using the
pGEX expression vector, various forms of hPrxI proteins were ex-
pressed in Escherichia coli BL21 (DE3) and puriﬁed as described [12].
2.3. In vitro phosphorylation of hPrxI by Cdc2-cyclin B complex
Recombinant hPrxIwas reactedwithCdc2-cyclinB complex in a solu-
tion containing 50 mM Tris–HCl (pH 7.5), 10 mM MgCl2, 1 mM
EGTA, 2 mMDTT, and 200 lMATP for 6 h at 30;C. The phosphory-
lated-hPrxI was separated from the unphosphorylated protein by apply-
ing the resulting solution to a Q-Sepharose column that had been
equilibratedwith 50 mMTris–HCl (pH8.5) as described previously [11].
2.4. Assay of peroxidase and chaperone activities
The Trx-dependent, NADPH oxidation-linked peroxidase activity
of hPrxI was measured by the decrease in absorbance at 340 nm
(A340) and chaperone activity of the protein was measured by using
MDH as a substrate, as described [12,13]. Turbidity due to substrate
aggregation, indicating a lack of chaperone activity, was monitored
in a DU800 spectrophotometer equipped with a thermostatic cell
holder (Beckmann, Fullerton, CA, USA).
2.5. Size-exclusion chromatography (SEC) and polyacrylamide gel
electrophoresis (PAGE)
Protein structure of hPrxI was analyzed by SEC using a HPLC with
a TSK G4000SWXL column equilibrated with buﬀer containing
50 mM HEPES, pH 7.0, and 100 mM NaCl. SDS and native-PAGE
were performed as described previously [6].
2.6. Circular dichroism (CD) spectroscopy
Wild type (WT)-, T90A-, and T90D-hPrxI in 10 mM sodium phos-
phate buﬀer (pH 7.4) were used for the Far UV-CD spectral analysis
with a Jasco J-715 spectropolarimeter (Jasco, Great Dunmow, UK)
and the spectra were accumulated ﬁve times, as described [14].
2.7. Fluorescence studies
Trp ﬂuorescence spectra of 100 lg/ml hPrxI in 50 mMHEPES buﬀer
(pH 8.0) were recorded using a SFM25 spectroﬂuorometer (Kontron,
Germany) with an excitation wavelength of 295 nm. Hydrophobic do-
main exposure of hPrxI was examined by the binding of 10 ll of
10 mM bis-ANS to the 30 lg proteins of hPrxI with the spectroﬂuo-
rometer. The excitation wavelength was set at 380 nm and emission
spectra were monitored from 400 to 600 nm as described [15].
2.8. In vivo analysis of the hPrxI protein structures in HeLa cells
HeLa cells were cultured in Dulbecco’s modiﬁed Eagle’s medium
supplemented with 10% fetal bovine serum, penicillin (100 U/ml) and
streptomycin (100 U/ml) at 37 C in a CO2 incubator. After the
WT-, T90A-, and T90D-hPrxI DNA constructs bearing a His6-tag in
their NH2-termini were cloned into pcDNA3.1 vector (Invitrogen),
they were individually transfected into HeLa cells and the cells over-
expressing the proteins were selected at the presence of G418 (1 mg/
ml), as described [5]. The antibiotic-resistant clones were expanded
for further analysis in the medium containing G418. Crude cell lysates
were subjected on a native-PAGE and their structural properties were
analyzed by immunoblotting with the use of an anti-His-tag antibody.Fig. 1. Eﬀects of phosphorylation of hPrxI protein structure analyzed
by Western blotting on a native-PAGE gel (A) and SEC (B). (A)
Puriﬁed proteins of WT-, T90A-, T90D-hPrxI, and hPrxI phosphor-
ylated in vitro by Cdc2-cyclin B complex (p-hPrxI) were separated by
10% native-PAGE (upper panel) or 12% SDS–PAGE (lower panel)
gels and subjected to Western blotting with an anti-hPrxI antibody. (B)
Protein structures of WT-, T90A-, T90D-, and p-hPrxI were analyzed
using a TSK G4000SWXL HPLC-column.3. Results
3.1. Eﬀect of phosphorylation of hPrxI on its protein structure
It has been shown that hPrxI containing a consensus site
(Thr90-Pro-Lys-Lys) for phosphorylation by CDKs is speciﬁ-
cally phosphorylated on Thr90 by several CDKs, including
Cdc2, in vitro [11]. To investigate the eﬀect of hPrxI phosphor-
ylation on its protein structure, we prepared several kinds of
hPrxI proteins including the phosphorylated form of hPrxI
by Cdc2-kinase in vitro, T90D-hPrxI acting as a mimic formof phosphorylated-hPrxI (p-hPrxI), and T90A-hPrxI which
lost its phosphorylation site by the mutation [11]. After sepa-
rating the p-hPrxI from the unphosphorylated protein by using
a Q-Sepharose column, various forms of the hPrxI were sepa-
rated by 12% SDS–PAGE gel and subjected to Western blot-
ting with an anti-hPrxI antibody. Then we found that all the
proteins showed similar apparent molecular mass of 21 kDa,
which corresponded to the monomeric size of hPrxI
(Fig. 1A, lower panel). However, when we analyzed their pro-
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showed quite diﬀerent patterns of protein structures (Fig. 1A,
upper panel). In the sample of WT-hPrxI, multiple forms of
low and oligomeric protein species were detected with a small
amount of HMW protein complexes on a native-PAGE gel.
Although the T90A-hPrxI produced a little more HMW com-
plex than WT-hPrxI, the predominant form of its protein
structure consisted of oligomeric and LMW protein species.
On the other hand, most of the LMW protein species were
shifted to HMW complexes by the phosphorylation of Thr90
in hPrxI (p-hPrxI) or by the mutation of Thr90 to Asp
(T90D-hPrxI) (Fig. 1A). The elution proﬁles of p-hPrxI,
T90A-hPrxI and T90D-hPrxI in SEC were compared again
with that of WT-hPrxI (Fig. 1B). Like the protein patterns ap-
peared in a native-PAGE gel, SEC chromatogram also showed
that the protein structures of WT- and T90A-hPrxI were
mostly consisted of LMW and oligomeric structures along
with a small amount of HMW complex, whereas predominant
forms of the p-hPrxI and T90D-hPrxI were HMW complexes
(Fig. 1B).
The results strongly suggest that the phosphorylation of
hPrxI induces a signiﬁcant change in its protein structures
from LMW proteins to HMW complexes. To explore in vivo
structures of the mutant proteins, each DNA fused with a
His-tag at its N-terminus was cloned into pcDNA3.1 vector.
The DNA constructs were transfected into HeLa cells and
the cell lines that stably overexpressed the WT-, T90A-, and
T90D-hPrxI proteins were selected. Cytosolic fractions were
extracted from the cells and analyzed their protein structures
by using Western blotting on a native-PAGE gel. From the
experiment, we found that the in vivo structures of the proteins
were quite similar to those of the proteins obtained from
in vitro investigation (data not shown). Since the T90D-hPrxI
was shown to mimic the phosphorylation status of hPrxI at the
level of protein structures in vivo, the bacterially expressed
T90D-hPrxI was used to evaluate the phosphorylation eﬀect
of hPrxI on its functional switching in the next studies.
3.2. Phosphorylation-mediated functional switching of hPrxI
It was shown that the dual functions of eukaryotic 2-Cys
Prxs were reversibly regulated by their protein structuresFig. 2. Eﬀects of the replacement of Thr90 with Asp on the dual functions o
measured in the presence of 30 lg BSA (d–d), 10 lg WT-hPrxI (j–j), 10 lg
(n–n), of the reaction mixtures as described in Section 2. (B) Chaperone ac
substrate. 1 lM MDH was incubated with 5 lM BSA (d–d), 0.5 lM WT-h
0.5 lM T90D-hPrxI (h–h) at 43 C. (C) Relative activities of the two fun
compared. The data shown are the means of at least three independent expe[5,6]. Based on the data of 2-Cys Prxs in yeast and human cells
(hPrxII) [5,6], we investigated the peroxidase and molecular
chaperone activities of the various forms of hPrxI as prepared
in Section 3.1. We found that WT-hPrxI exhibited not only a
H2O2 catabolic peroxidase activity (Fig. 2A) but also a chaper-
one activity that suppressed thermal aggregation of model sub-
strate MDH at 43 C (Fig. 2B). However, no inhibition of
MDH aggregation was observed by the addition of excessive
amounts of bovine serum albumin alone. To estimate the inﬂu-
ence of phosphorylation of hPrxI on the two activities, we
examined and compared the dual peroxidase and chaperone
activities using the mutant proteins of T90A- and T90D-hPrxI.
As reported elsewhere [11], the peroxidase activity of T90D-
hPrxI was markedly inhibited, but the chaperone activity
was signiﬁcantly increased, about sixfold higher than that of
WT-hPrxI (Fig. 2C). In contrast, although the activity was sig-
niﬁcantly lower than that of T90D-hPrxI, the T90A-hPrxI
exhibited a slightly higher chaperone activity and a little lower
peroxidase activity than WT-hPrxI as shown in the other re-
port [11]. These results, taken together with the structural as-
says presented in Fig. 1, strongly suggest that
phosphorylation of hPrxI switches the function of hPrxI from
a peroxidase to a molecular chaperone, accompanied by its
structural changes.
3.3. Phosphorylation-mediated changes in hydrophobicity and
secondary structures of hPrxI
To protect target substrates from stress-induced aggrega-
tion, chaperones bind to non-native states of substrate proteins
through hydrophobic interactions. Therefore, we compared
the extent of hydrophobicity of WT-, T90A-, and T90D-hPrxI
proteins by measuring bis-ANS binding, which has been
widely used as a probe for detection of hydrophobic regions
on the surface of proteins [15,16]. The ﬂuorescence of bis-
ANS bound to T90A-hPrxI and WT-hPrxI was signiﬁcantly
lower than that of T90D-hPrxI and displayed broad spectra,
showing maximal emissions at around 490  520 nm, respec-
tively (Fig. 3A). However, the ﬂuorescence spectrum of bis-
ANS bound to T90D-hPrxI showed a signiﬁcant increase in
its intensity, accompanied by a shift of its emission maximum
to 487 nm. This result suggests that phosphorylation of hPrxIf hPrxI. (A) Peroxidase activity of WT-, T90A-, and T90D-hPrxI was
T90A-hPrxI (e–e), 10 lg T90D-hPrxI (h–h), and 30 lg T90D-hPrxI
tivity of the proteins used in panel A was measured using MDH as a
PrxI (j–j), 3 lM WT-hPrxI (r–r), 0.5 lM T90A-hPrxI (e–e), and
ctions of WT-hPrxI (j), T90A-hPrxI (M) and T90DhPrxI (h) were
riments.
Fig. 3. Changes in surface hydrophobicity and secondary structure of hPrxI by phosphorylation. Fluorescence spectra of bis-ANS bound to 100 lg/
ml WT-hPrxI (solid line), T90A-hPrxI (dash dotted line) and T90D-hPrxI (dotted line) (A), and intrinsic Trp ﬂuorescence spectra of the proteins (B)
were monitored using a ﬂuorescence spectroﬂuorometer. Changes in the far UV-CD spectra of WT-hPrxI (solid line), T90A-hPrxI (dash dotted line)
and T90D-hPrxI (dotted line) (C) were measured using a protein concentration of 500 lg /ml. [h]M is the mean residue mass ellipticity.
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results in polymerization of the protein into HMW complexes
and provides binding sites for the partially-denatured substrate
proteins.
Since the intrinsic spectrum of Trp ﬂuorescence is shown to
provide comparative information characterizing the environ-
ment around Trp residues of a protein [14], we examined the
ﬂuorescence spectra of WT-, T90A-, and T90D-hPrxI proteins.
The spectrum of T90D-hPrxI was shifted to longer wave-
lengths compared to the spectra of WT- and T90A-hPrxI
and the intensity of ﬂuorescence was signiﬁcantly decreased
(Fig. 3B). This result suggests that the environment surround-
ing Trp residue in the WT-hPrxI is quite diﬀerent from that of
T90DhPrxI and that the hydrophobic domains of the T90D-
hPrxI are greatly increased. In addition, we analyzed the sec-
ondary structure of hPrxI using far UV-CD (Fig. 3C). Analysis
of the CD spectra of WT- T90A- and T90D-hPrxI using Jasco
J-715 software shows that the secondary structures of hPrxI
were signiﬁcantly changed by the phosphorylation of hPrxI.4. Discussion
It was recently reported that Cdks inactivate the peroxidase
activity of hPrxI and hPrxII by phosphorylation speciﬁcally on
Thr90 at a certain stage of mammalian cell cycle [11]. Because
we identiﬁed a second, novel function of eukaryotic 2-Cys
Prxs, that of molecular chaperone, we examined the eﬀects
of hPrxI phosphorylation on its protein structure and func-
tions by replacing the target residue, Thr90, with an Asp, which
mimics the phosphorylation status of the protein (T90D-
hPrxI). In contrast to the eﬀect of hPrxI phosphorylation on
peroxidase activity [11], the mutation of T90D in hPrxI causes
a signiﬁcant increase in its chaperone function, and is accom-
panied by HMW complex formation (Figs. 1 and 2). The re-
sults of intrinsic Trp ﬂuorescence, bis-ANS binding, and the
far UV-CD spectra of T90D-hPrxI suggest that the phosphor-
ylation of hPrxI causes signiﬁcant diﬀerences in the environ-
ment of aromatic amino acids and the extent of surface
hydrophobicity. These changes result in global changes in its
protein structure and induce formation of HMW complexes.
When we consider the crystal structure of hPrxI [2], the intro-
duction of a negative charge by phosphorylation of Thr90,
which is located close to the active site Cys52, might disturb
the charge-charge or charge-dipole interaction of hPrxI, ren-dering Cys52 insensitive to H2O2 and exposing hydrophobic
domains to induce structural changes [17,18].
In contrast to hPrxI, chaperone activities of aB-crystallin
[19] and HSP27 [20] were negatively regulated by phosphoryla-
tion, causing dissociation of large oligomers into small mole-
cules and reducing their chaperone activity. Notably, protein
structure of HSP33 in E. coli is regulated in a manner similar
to the 2-Cys Prxs [6,21]. Under oxidative stress, HSP33 causes
conformational changes and allows the formation of oxidized
dimers of HSP33. Oxidized form of HSP33 dimers shows a
highly eﬃcient chaperone activity, whereas under reducing
condition, HSP33 existed as a monomer is inactive as a chap-
erone [21,22]. These results suggest that the structural changes
caused by phosphorylation or redox state may be an important
mechanism of functional switching in molecular chaperones.
The Cdk-mediated phosphorylation and inactivation of
hPrxI as a peroxidase resulted in the intracellular accumulation
of H2O2, which may play important roles in the regulation of
cell cycle or in diverse cellular signaling processes. Even though
major new studies are required to elucidate the biological sig-
niﬁcance of phosphorylation-dependent structural and func-
tional switching of hPrxI, one possible assumption is that the
p-hPrxI acts as a molecular chaperone to protect against pro-
tein unfolding or aggregation due to toxicity from ROS, which
play a causative role in many degenerative diseases [23] and are
generated from a variety of stress conditions in cells.
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